Replication of tombusviruses and other plus-strand RNA viruses depends on several host factors that are recruited into viral replicase complexes. Previous studies have shown that eukaryotic translation elongation factor 1A (eEF1A) is one of the resident host proteins in the highly purified tombusvirus replicase complex. In this paper, we show that methylation of eEF1A by the METTL10-like See1p methyltransferase is required for tombusvirus and unrelated nodavirus RNA replication in yeast model host. Similar to the effect of SEE1 deletion, yeast expressing only a mutant form of eEF1A lacking the 4 known lysines subjected to methylation supported reduced TBSV accumulation. We show that the halflife of several viral replication proteins is decreased in see1Δ yeast or when a mutated eEF1A was expressed as a sole source for eEF1A. Silencing of the plant ortholog of See1 methyltransferase also decreased tombusvirus RNA accumulation in Nicotiana benthamiana.
Introduction
Similar to other positive-stranded RNA viruses, replication of tomato bushy stunt virus (TBSV) is affected by numerous host proteins (Mine and Okuno, 2012; Nagy, 2008 Nagy, , 2011 Pogany, 2010, 2012) . TBSV, a model plant (þ)RNA virus with 4.8 kb genomic (g)RNA, codes for only five proteins, two of which are replication proteins. These proteins, termed p33 and p92 pol , are expressed from the gRNA via a translational readthrough mechanism and they are necessary for TBSV replication White and Nagy, 2004) . The prereadthrough protein p33 has many characterized functions acting as an RNA-and a membrane-binding protein and also as an RNA chaperone. P33 plays a role in every step of replication, including in viral RNA recruitment, viral replicase complex (VRC) assembly and de novo initiation of RNA synthesis Pathak et al., 2013; Pogany and Nagy, 2012; Stork et al., 2011) . Through its interactions with 50-100 host proteins, p33 appears to function as master regulator of tombusvirus replication Mendu et al., 2010; Pogany, 2010, 2012) . The readthrough protein p92 pol is the RNA-dependent RNA polymerase, which requires cis-acting RNA elements for its activation during the assembly of the viral replicase complex (VRC) (Panaviene et al., 2005; Pathak et al., 2011 Pathak et al., , 2012 Pogany and Nagy, 2012) .
Recent advances with TBSV have been accelerated by the development of yeast (Saccharomyces cerevisiae) as a surrogate host. Co-expression of a TBSV replicon (rep)RNA with p33 and p92 pol replication proteins leads to robust replication in yeast cells (Panavas and Nagy, 2003; Panaviene et al., 2004) . High throughput genomic and global proteomic approaches based on yeast have revealed that TBSV repRNA replication could be affected by $ 500 different host genes Li et al., 2008 Li et al., , 2009 Nagy, 2008; Nagy and Pogany, 2006; Panavas et al., 2005b; Serva and Nagy, 2006; Serviene et al., 2005 Serviene et al., , 2006 Shah Nawaz-Ul-Rehman et al., 2012 . Over 20 of these host proteins have been characterized for their functions during tombusvirus replication, contributing to our ever-increasing understanding virus-host interactions (Li and Nagy, 2011; Nagy, 2011; Pogany, 2010, 2012; Xu and Nagy, 2010) .
Previous functional studies with TBSV revealed that conserved host proteins, which are hijacked by TBSV, facilitate various steps in the replication process. The heat shock protein 70 chaperones (Hsp70, Ssa1/2p in yeast) and the ESCRT (endosomal sorting complexes required for transport) proteins promote the assembly of the membrane-bound tombusvirus replicase complexes (Barajasm et al., 2009; Barajas and Nagy, 2010; Pogany et al., Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro 2008; Wang et al., 2009a Wang et al., , 2009b ; while Pex19p peroxisomal shuttle protein facilitates the recruitment of the two viral replication proteins to the peroxisomal membranes (Pathak et al., 2008) , the sites of TBSV replication in yeast and plants (Jonczyk et al., 2007; McCartney et al., 2005; Panavas et al., 2005a) . Other host proteins, such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH, encoded by TDH2 and TDH3 in yeast) (Huang and Nagy, 2011; Wang and Nagy, 2008) , Ded1 and Dbp2 DEAD-box RNA helicases (Kovalev et al., 2012a (Kovalev et al., , 2012b , and eukaryotic translation elongation factor 1Bγ (eEF1Bγ) affect ( À) and (þ )RNA synthesis in vitro, in yeast and in plants.
Among the recruited host factors by TBSV is eukaryotic translation elongation factor 1A (eEF1A) (Li et al., 2009 ) that has been shown to affect many steps in TBSV replication based on data from in vitro, yeast and plant experiments (Li and Nagy, 2011; . In all eukaryotic cells, eEF1A is involved in protein translation and it is among the most abundant cellular proteins. The role of eEF1A is to deliver aminoacyl-tRNA to the ribosome in a GTP-dependent manner during the elongation step in protein biosynthesis (Mateyak and Kinzy, 2010; Sasikumar et al, 2012) . Noncanonical functions of eEF1A include quality control of newly produced proteins, ubiquitin-dependent protein degradation, and organization of the actin cytoskeleton (Chuang et al., 2005; Gross and Kinzy, 2005; Mateyak and Kinzy, 2010) and participation in replication of several RNA viruses (Blackwell and Brinton, 1997; Blumenthal et al., 1976; Brinton, 2001; Nishikiori et al., 2006) . Accordingly, bacteriophage Qβ recruits the bacterial homolog of eEF1A, named EF-Tu and its GDP exchange factor EF-Ts, to play a role in ( þ)RNA virus replication likely using the chaperone-like functions of the translation factors to maintain the folding of the active β-subunit. Crystal structure of β subunit in complex with EF-Tu and EF-Ts shows that the co-opted translation elongation factors may also regulate RNA folding and contribute to separation of RNA duplex formed between the template and nascent strands (Kidmose et al., 2010; Takeshita and Tomita, 2010) .
eEF1A is one of the most common host factors that has been identified in association with 3′-UTR of a wide variety of (þ)RNA viruses (Davis et al., 2007; Matsuda et al., 2004) , including turnip yellow mosaic virus (TYMV) (Dreher, 1999) , West Nile virus (WNV), Dengue virus, tobacco mosaic virus (TMV) and turnip mosaic virus ( þ) RNA (De Nova-Ocampo et al, 2002; Nishikiori et al., 2006; Thivierge et al., 2008; Zeenko et al., 2002) . eEF1A also interacts with the NS5A replication protein of Bovine viral diarrhea virus (BVDV) (Johnson et al., 2001) , NS4A of hepatitis C virus (HCV) (Kou et al., 2006) , the TMV replicase (Yamaji et al., 2006) , and the Gag polyprotein of HIV-1 (Cimarelli and Luban, 1999) and eEF1A is one of the components of the vesicular stomatitis virus, a negative-stranded RNA virus, replicase complex (Qanungo et al., 2004) , and the HIV reverse transcriptase complex (Warren et al., 2012) .
In spite of the proposed broad role of eEF1A in replication of many RNA viruses (Li and Nagy, 2011) , the functions of eEF1A in (þ)RNA virus replication are not fully understood. In case of WNV, eEF1A likely plays a role in (À )RNA synthesis based on the findings that mutations in the WNV (þ)RNA within the mapped eEF1A binding site have led to decreased minus-strand synthesis (Davis et al., 2007) . The tRNA-like structure in the 3′ end of TYMV becomes aminoacylated and interacts with host eEF1A, which protects the viral RNA from RNase A digestion in vitro (Joshi et al., 1986) . Silencing of eEF1A reduced the sizes of TMV-induced lesions but not the number of lesions or translation activity in silenced leaves in Nicotiana benthamiana (Yamaji et al., 2010) . Based on these data, it is possible that eEF1A could also affect cell-to-cell movement of TMV, in addition to its documented role in TMV replication (Yamaji et al., 2010) . Altogether, the emerging idea with eEF1A is that the interactions of eEF1A with viral RNAs and viral replication proteins and its high abundance in cells might facilitate recruitment of eEF1A into virus replication for many RNA viruses.
eEF1A is known to interact with components of the tombusvirus replicase, including the 3′-UTR of the TBSV ( þ)RNA, as well as the p33 and p92 pol replication proteins (Li et al., 2009) . eEF1A binds specifically to the stem-loop 3 (SL3) in the 3′ UTR of TBSV, and stimulates the recruitment of (þ )RNA template to cellular membranes. Chemical inhibitors of eEF1A, which block RNA binding by eEF1A, inhibits membrane association of TBSV (þ)RNA and represses viral RNA synthesis in vitro . A set of mutants of eEF1A was obtained that enhance TBSV RNA replication in yeast and increase ( À )RNA synthesis in a cellfree TBSV replication assay. The binding of eEF1A to p92 pol has been proposed to facilitate the proper positioning of the viral RdRp over the 3′-promoter to enhance the initiation events . Overall, in vitro data based on recombinant viral RdRps suggest a direct role of eEF1A in tombusvirus ( À )RNA synthesis and VRC assembly . Another important function of eEF1A during TBSV replication is the interaction of eEF1A with tombusviruses replication proteins p33, which leads to stabilization of p33 and stimulation of tombusvirus replicase activity (Li et al., 2009 ), similar to the functions described for EF-Tu and EF-Ts in Qβ VRC (Kidmose et al., 2010; Takeshita and Tomita, 2010) .
To further study the non-translational functions of eEF1A in tombusvirus replication, we decided to test if methylation of eEF1A plays a role in these viral activities. The possible role of eEF1A methylation in TBSV replication is supported by our previous genome-wide screens in yeast, which identified the YIL064W gene as important during virus physiology (Panavas et al., 2005b) . Deletion of the YIL064W gene showed reduced TBSV replication (16% of WT) and p33 accumulation (30% of WT). However, more recently, the cellular function of SEE1 has been defined as a methyltransferase with eEF1A as its substrate (Lipson et al., 2010) . Methylation of eEF1A at lysine residues is performed by two methyltransferases in yeast, namely by Efm1p (elongation factor methyltransferase, a SET domain methyltransferase) and See1p (secretion and early endocytosis 1), a seven beta strand lysine methyltransferase. The sites in eEF1A that become methylated include Lys30, Lys390, trimethylation of Lys79 and dimethylation of Lys316 (Lipson et al., 2010) . Efm1p is not conserved, while See1p is highly conserved among eukaryotes, and called METTL10 in humans (Lipson et al., 2010) . Interestingly, changing all four lysines in eEF1A did not induce phenotypic changes in yeast and did not affect protein translation in vitro (Cavallius et al., 1997 (Cavallius et al., , 1993 . While the function of Efm1p is currently unknown, See1p has been proposed to be involved in early endocytic transport and eEF1A methylation by See1p might modulate the cytoskeletal interaction of eEF1A, regulating vesicle trafficking (Lipson et al., 2010; Martin-Granados et al., 2008) .
In this paper, we characterized the function of See1p methyltransferase in TBSV replication. We show evidence that See1p and methylation of eEF1A enhance TBSV replication in yeast and plant hosts. We also present evidence that See1p affects the stability of not only the tombusvirus p33 replication protein, but the stability of replication proteins of several other viruses. We propose that the binding of the methylated eEF1A to selected viral replication proteins could increase protein stability in infected cells.
Results

Identification of See1p methyltransferase as a susceptibility factor for TBSV RNA accumulation
Previous research has revealed several functions for the host eEF1A during tombusvirus replication (Li and Nagy, 2011; Li et al., 2009 Li et al., , 2010 . To test whether the methylation status of eEF1A affects TBSV replication in yeast, we used yeast deletion strains emf1Δ and see1Δ. Interestingly, deletion of SEE1 reduced TBSV repRNA replication by $4-fold ( Fig. 1A , lanes 4-6 versus 1-3), while deletion of EFM1 did not have an effect (lanes 7-9). The amount of p33 was reduced by 60% in see1Δ yeast, while p92 levels were not changed ( Fig. 1B ). Based on these data, it is possible that methylation of eEF1A by the See1p might be important for TBSV RNA accumulation due to regulation of p33 levels. This is interesting since See1p does not seem to affect protein translation in yeast (Cavallius et al., 1997) .
Mutations of methylation sites in eEF1A inhibit TBSV RNA accumulation in yeast
Since See1p is not only involved in methylation of eEF1A, but also affects the secretory pathway (Martin-Granados et al., 2008) , we also tested if the effect of See1p on TBSV replication is through eEF1A methylation. Previous research with yeast eEF1A defined that four lysines become methylated in yeast cells (Lys30, 79, 316 and 390) (Cavallius et al., 1993 (Cavallius et al., , 1997 Lipson et al., 2010) . To test the effect of hypomethylated eEF1A on TBSV replication, we mutagenized these lysines to arginines. These changes in eEF1A have been characterized before for cellular functions (Cavallius et al., 1997) .
In this assay, we used a yeast strain, in which the two wt eEF1A genes (TEF1 and TEF2) were deleted from the chromosomes, while either the wt or mutated eEF1A was expressed from plasmids using the native promoter (Gross and Kinzy, 2007; Li et al., 2010; Ozturk et al., 2006) . Importantly, the eEF1A mutant is the only source of eEF1A in the yeast cells used to support TBSV replication. We found that yeast expressing an eEF1A mutant with all four of the methylated lysines mutated (K 30,79,316,390 R) supported reduced TBSV repRNA replication (down to $ 25%, Fig. 2A , lanes 5-8 versus 1-4). The amount of p33 was also reduced by 70% in the mutated yeast (down to 30% of normal level, Fig. 2B ).
Yeast expressing single (K 79 R) or double (K 30,79 R) mutant eEF1A supported TBSV repRNA replication as efficiently as yeast expressing the wt eEF1A ( Fig. 2C ). On the other hand, yeast expressing a triple-mutant eEF1A (K 30,79,390 R) supported TBSV replication at a reduced level (down to $ 20% of normal, Fig. 2C , lanes 13-16). The accumulation of the tombusvirus p33 was decreased in this triplemutant yeast, further supporting that multiple eEF1A mutations in the methylation sites affect the level of p33 and reduce TBSV RNA accumulation.
To test if the cellular distribution of p33 is affected by the hypomethylation mutants of eEF1A, we expressed YFP-tagged p33 in yeast also expressing either K 30,79,316,390 R or K 30,79,390 R eEF1A mutants. As expected, TBSV repRNA accumulation supported by YFP-p33/p92 decreased in the presence of these eEF1A mutants (Fig. 3A) . Also, the accumulation level of YFP-p33 and replication of repRNA decreased dramatically in the presence of these eEF1A mutants when compared with the wt eEF1A ( Fig. 3B ). Confocal laser microscopic analysis revealed that, similar to the case seen with the yeast expressing wt eEF1A, YFP-p33 also formed punctate structures in yeast expressing hypomethylation mutants of eEF1A ( Fig. 3C ). These punctate structures accumulating YFP-p33 are aggregated membranous structures mostly formed from peroxisomes and are characteristic features of tombusvirus p33 in wt yeast (Panavas et al., 2005a) . However, the number and size of the punctate structures in yeast expressing hypomethylation mutants of eEF1A decreased markedly when compared with yeast expressing the wt eEF1A ( Fig. 3C ). We suggest that the small number of punctate structures accumulating YFP-p33 is likely due to the reduced level of YFP-p33 in these yeast strains (Fig. 3B ). Altogether, the data obtained support normal intracellular distribution of YFP-p33, but the formation of characteristic punctate structures is less efficient, leading to reduced number of structures and individually smaller structures in yeast expressing hypomethylation mutants of eEF1A.
Another eEF1A mutant, T 22 S, has been shown to affect the stability of p33 in yeast (Li et al., 2009 ). When we compared the effect of T 22 S with K 30,79,316,390 R, we observed that their inhibitory effects on TBSV replication and on the reduction of p33 level were similar (Fig. 3A , lanes 5-6 and 3B). Formation of only a small number of punctate structures accumulating YFP-p33 in T 22 S eEF1A mutant yeast was also similar to the case seen with yeast carrying the hypomethylation mutants of eEF1A ( Fig. 3C ). This suggests that T 22 S and the hypomethylation mutants of eEF1A cause similar defects in TBSV replication, likely decreasing the stability of p33 (Li et al., 2009 ).
Silencing of the plant ortholog of SEE1 methyltransferase decreases tombusvirus RNA accumulation in N. bethamiana
To test the role of See1p methyltransferase and the methylation of eEF1A in plants, we silenced the expression of the SEE1 ortholog in N. benthamiana plants using the tobacco rattle virus (TRV)based gene silencing approach (Dinesh-Kumar et al., 2003) . As expected, the SEE1 mRNA level was knocked down by gene silencing by the 9th day ( Fig. 4A ). Inoculation of these plants with cucumber necrosis virus (CNV, a closely related tombusvirus to TBSV) led to $ 5-fold reduced level of CNV RNA accumulation in the silenced plants as compared with the nonsilenced plants ( Fig. 4A ). We also observed more than 2-fold reduction of the TBSV DI-72 repRNA accumulation in SEE1-silenced plants (Fig. 4B ). All these data support our model that SEE1 methyltransferase and thus, methylation of eEF1A is important for tombusvirus replication in plants. SEE1-silenced N. benthamiana plants appeared phenotypically indistinguishable from TRV-mock inoculated (silencing control) plants (not shown). However, the development of the CNV symptoms on SEE1-silenced plants was greatly delayed compared to that of pTRV-treated plants. This is likely due to the reduced accumulation of CNV RNAs in SEE1-silenced plants.
Deletion of See1p methyltransferase inhibits carnation Italian ringspot virus and nodavirus RNA accumulation in yeast
To test if See1p is also relevant for other tombusviruses, we studied the accumulation of carnation Italian ringspot virus (CIRV), which is closely related to TBSV, in yeast lacking SEE1. Unlike TBSV, which utilizes the peroxisomal membranes for replication, CIRV assembles the VRCs using the mitochondrial membranes in plants and yeast (Weber-Lotfi et al., 2002) , and also favors mitochondrial preparations for in vitro replication . Interestingly, we observed large reduction in CIRV RNA accumulation in see1Δ yeast (Fig. 5A) . Moreover, the accumulation of p36 replication protein of CIRV was greatly reduced, while the p95 pol was below detection level in see1Δ yeast (Fig. 5B) . Thus, regardless of the subcellular sites of replication, both TBSV and CIRV tombusviruses depend on See1p for their replication in yeast.
To further expand our understanding on the role of eEF1A and See1p in RNA virus replication, we also tested the accumulation of Nodamura virus (NoV) and Flock house virus (FHV), two closely related insect viruses, in yeast lacking SEE1. Interestingly, we observed $ 60% and 50% reduction in NoV and FHV RNA accumulation, respectively, in see1Δ yeast ( Fig. 6A and B) .
Reduced half-life of viral replication proteins in see1Δ yeast
Since one of the major functions of eEF1A in tombusvirus replication is to stabilize the tombusvirus p33 replication protein (Li et al., 2009) , we also tested the half-life of tombusvirus p33 in see1Δ yeast after the shutdown of protein synthesis by cyclohexamide (Fig. 7A ). The steady-state level of p33 was measured with Western blotting in samples obtained at various time points from see1Δ or yeast expressing See1p. These experiments have demonstrated that the half-life of p33 was reduced to $160 min in see1Δ yeast (Fig. 7A, lanes 1-6) from $ 360 min in yeast expressing See1p (Fig. 7A, lanes 1-7 versus 8-14 ). We conclude that See1p and thus, the methylation of eEF1A, is likely required for stabilization of p33 replication cofactor in yeast.
Similar measurements for CIRV p36 replication co-factor, which is localized to the mitochondrial membrane, also showed reduced stability from $ 140 min half-life in WT yeast versus $ 70 min half-life in see1Δ yeast (Fig. 7B) . Overall, CIRV p36 was much less stable in yeast than the peroxisomal tombusvirus p33 (compare values in Fig. 7A and B) . The rather short half-life of CIRV p36 in comparison with CNV p33 might explain why CIRV replicated so poorly in see1Δ yeast (Fig. 5) .
We also measured the half-life of the FHV protA replication protein in see1Δ yeast. Interestingly, protA was two times less stable in see1Δ yeast than in WT yeast (Fig. 7C ). In addition, shorter-thanfull-length protA, likely representing partially-degraded protA, accumulated to detectable level in see1Δ yeast (Fig. 7C, lanes  1-7) . Overall, the obtained data suggest that FHV protA stability also depends on See1p and methylation of eEF1A in yeast.
The role of eEF1A in stability of viral replication proteins in yeast
To further test if eEF1A could affect the stability of various viral replication proteins, similar to the mechanism shown for tombusvirus p33 (Li et al., 2009 , we tested the accumulation level of several viral replication proteins in yeast expressing T 22 S mutant as the sole copy of eEF1A. It has been shown that T 22 S eEF1A did not affect translation of the tombusvirus p33 replication protein in vitro (Li et al., 2009) . Interestingly, the accumulation of the FHV protein A is decreased by 50% in T 22 S yeast (Fig. 8A) . Replication of FHV RNA decreased by 4-fold in yeast expressing T 22 S eEF1A (lanes 4-6 versus 1-3 in Fig. 8A ). This level of inhibition of FHV RNA accumulation is comparable to that seen with TBSV repRNA (Fig. 8B ), suggesting that eEF1A is an important host factor in both tombusvirus and nodavirus replication. Similar to the reduced stability of tombusvirus p33 (Fig. 8B) , the accumulation level of turnip crinkle virus (TCV) p28, which is functionally similar to the tombusvirus p33 replication protein, decreased markedly in T 22 S yeast (Fig. 8C) . In contrast, the accumulation of brome mosaic virus (BMV) protein 1a, which is a helicase-like replication protein (Fig. 8D) , and the tombusvirus p92 RdRp were not affected in T 22 S yeast (Fig. 8B) . Thus, the stability of some viral proteins is influenced, while other viral replication proteins are not affected by eEF1A mutation in yeast.
Discussion
Detailed studies on the role of the host eEF1A in viral RNA replication is hindered by several conditions, including high expression levels (eEF1A constitutes 1-5% of total cellular proteins) and gene redundancy as yeast has two eEF1A genes (TEF1 and TEF2), while animals and plants have 2-7 genes and several isoforms of eEF1A. Also, mutations in eEF1A could affect cell viability and have pleiotropic effects on protein translation, as well as on actin bundling and apoptosis (Mateyak and Kinzy, 2010; Sasikumar et al., 2012) . Moreover, it is difficult to completely remove eEF1A from biochemical assays due to its high abundance and association with many cellular proteins. In addition, based on its central role in cellular and viral protein translation, it is a rather challenging task to separate the effect of eEF1A on the interdependent viral translation versus replication processes in virusinfected cells.
Due to the above difficulties in studying the role of eEF1A in virus replication, our findings that deletion of the nonessential See1p host methyltransferase affects tombusvirus and nodavirus replication in yeasts via altering the methylation status of eEF1A is meaningful not only for these viruses, but possibly for other viruses as well. See1p is a highly conserved protein in all eukaryotes ( Fig. 9) (Cavallius et al., 1997; Martin-Granados et al., 2008) , making it possible to test its role in human, animal and plant virus replication. Accordingly, silencing of SEE1 expression in N. benthamiana greatly reduced replication of tombusvirus genomic RNA and DI RNA (Fig. 4) . Since See1p is involved in methylation of eEF1A in yeast (Couttas et al., 2012; Lipson et al., 2010) , we propose that methylation of eEF1A is important for tombusvirus and nodavirus replication in yeast. Importantly, See1p or methylation of eEF1A do not seem to affect general virus protein translation, thus allowing studies on the role of eEF1A in viral RNA replication separate form the role of eEF1A in general virus protein translation.
This research also shows that eEF1A seems to play major roles in replication of not only TBSV, but other viruses as well. For example, deletion of SEE1 methyltransferase (thus, eEF1A methylation) affected both the peroxisomal replication of TBSV (Fig. 1 ) and the mitochondria-based replication of the closely related CIRV (Fig. 5) . The dependence on See1p by both viruses during replication is likely due to the stabilization of p33 and p36 replication proteins by the methylated eEF1A. Thus, eEF1A must be recruited to the peroxisomes or mitochondria by these tombusviruses, as shown for TBSV earlier (Li et al., 2009 . Another group of viruses that depends on See1p and eEF1A is nodaviruses FHV and NoV, which replicate on the surface of mitochondria (Venter and Schneemann, 2008) . Their dependence on eEF1A seems to be also based on stabilization of protA replication protein, which becomes less stable in see1Δ yeast (Fig. 7) or when T 22 S mutant is the sole eEF1A expressed in yeast (Fig. 8) .
Altogether, many features caused by SEE1 deletion, hypomethylation of eEF1A mutants or expression of T 22 S eEF1A are similar, including: (i) reduced accumulation of TBSV repRNA in yeast ( Figs. 1 and 2) ; (ii) low accumulation level of the tombusvirus p33 replication protein, and (iii) the reduced stability of p33 in see1Δ yeast (Fig. 7) or in yeast expressing T 22 S eEF1A (Fig. 8) . The similar features of hypomethylation and T 22 S eEF1A mutants suggest that hypomethylation (due to either SEE1 deletion or mutations in eEF1A) and T 22 S mutation could result in comparable structural changes in eEF1A, rendering eEF1A less functional for stabilizing p33 replication protein in yeast.
Based on the similar effects of T 22 S mutant and the hypomethylation mutants of eEF1A (Fig. 2) and the deletion of SEE1 on TBSV replication and p33 accumulation levels in yeast, we suggest that the major function of the methylated eEF1A is the stabilization of p33, likely in the form of eEF1A: p33 complex as demonstrated before (Li et al., 2009) . This model could likely be extended to other viral replication proteins, such as CIRV p36, FHV protA and TCV p28, all of which showed reduced stability when expressed in see1Δ yeast or in yeast expressing T 22 S eEF1A ( Figs. 7 and 8) . Indeed, protein methylation is known to affect protein-protein interactions, as shown for histones (Fischle et al., 2005) . In summary, based on the data presented in this paper, we propose that methylation of eEF1A by See1p is important for the eEF1A-mediated stabilization of some viral replication proteins in yeast and plants.
Materials and methods
Yeast strains and expression plasmids
Yeast (S. cerevisiae) strain BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was obtained from Open Biosystems (Huntsville, AL, USA). TKY strains (MATα ura3-52 leu2-3, 112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 URA3) expressing plasmid-borne TEF1/2 were published before (Carr-Schmid et al., 1999; Dinman and Kinzy, 1997; Gross and Kinzy, 2007; Ozturk et al., 2006) . The plasmid pESCHIS4-ADH-His33/CUP1-DI-72 expressing Cucumber necrosis virus (CNV) p33 and the TBSV replicon RNA (DI-72) was described earlier (Li et al., 2009 ). The plasmid pRS317-Tet-His92 (based on LYS2 selection), expressing CNV p92 under the control of Tetracycline-regulatable (Tet) promoter was constructed before (Li et al., 2009) . The yeast strains used in this paper are listed in Table 1 .
Yeast cells were grown on yeast extract peptone dextrose (YPD; 1% yeast extract, 2% peptone, 2% dextrose) or Synthetic Complete (SC) media. Yeast transformation was performed according to standard Lithium acetate-PEG protocol (Gietz and Woods, 2002) .
TBSV, FHV and NoV replication assays in yeast
For the studies of TBSV repRNA replication in BY4741 and its deletion strains, three separate plasmids: pHisGBK-Cup-His33 (Panaviene et al., 2004) ; pGAD-CUP1-His92 (Panaviene et al., 2004) , and pYC-DI72sat (Panavas and Nagy, 2003) , were cotransformed into yeast cells. Replication protein (based on CNV) p33 and p92 were expressed under the control of inducible CUP1 promoter, while the repRNA DI-72 transcription was driven by GAL1 inducible promoter. Transformants were selected by complementation of auxotrophic markers. Each transformed strain was inoculated into SC media lacking uracil, leucine and histidine (SC-ULH -) with 2% galactose and 50 μM copper sulfate (final concentration) and cultured for 2 days at 23 1C with shaking. For the studies of TBSV repRNA replication in the TKY102-derived eEF1A mutant strains (Table 1) , the dual plasmid pESCHIS4-ADH-His33/CUP1-DI-72 was used to express CNV p33 and the TBSV repRNA DI-72 as described (Li et al., 2009) . CNV p92 expressed from the LYS2based plasmid pRS317-Tet-His92 under the control of Tetracycline-regulatable (Tet) promoter was described . Yeast cultures were grown in a SC media lacking leucine, histidine, lysine and uracil (SC-ULHK -) with 2% glucose. 50 μM copper sulfate (final concentration) was added into yeast media to induce virus replication and cells were further grown for 2 days at 29 1C with shaking.
For the studies of FHV and NoV replication in yeast, cells were transformed with pESC-CUP1-FHV-RNA1-TRSV RZ (Kovalev et al., 2012b; Pogany et al., 2010) and pESC-CUP1-NoV-RNA1-TRSV RZ , respectively, to introduce the full-length FHV or NoV genomic RNA1 into cells. Yeast cells were grown in SC media with 2% glucose and 50 μM copper sulfate for induction of virus replication. Cells were harvested and analyzed by Northern blotting and Western blotting Pogany et al., 2010) .
Virus-induced gene silencing of See1 and analysis of TBSV replication in N. benthamiana
The Arabidopsis homolog AtSee1 (NP-176841) of S. cerevisiae SEE1 was identified previously by Lipson et al. (2010) . We used AtSEE1 as a query sequence to identify N. benthamiana homolog (NbSEE1) in a blast search against N. benthamiana EST database (http://solgenomics.net/). The search identified a homolog with full-length coding region (SGN EST ID: E1192157). Primers #4229/ #4235 (Table 2) designed on the basis of this EST sequence yielded a specific PCR product with expected size (1008 base pairs) in RT-PCR (data not shown). The identity of the PCR products was further confirmed by sequencing. Sequence alignment shows that the NbSEE1 amino acid shares 69% identities with AtSEE1 ( Fig. 9 ). SEE1 homologs are well conserved in eukaryotic cells, containing the proposed motifs of the conserved S-adenosyl-L-methionine (AdoMet) binding domain ( Fig. 9) .
It is likely that our silencing strategy selectively targeted the SEE1 homolog since other plant methyltransferases are highly divergent in sequence and subtract specificity. Arabidopsis thaliana has at least 37 members of SET-domain proteins with potential lysine methyltrasferase activity, while the number of methyltransferases within the N. benthamiana genome is unclear. A blast search with the sequence of NbSEE1 fragment targeted for VIGSbased silencing (the position is indicated in Fig. 9 with flanking PCR primers) as a query sequence against N. benthamiana database (http://solgenomics.net/tools/blast/index.pl?db_id=194), led only to two hits: SGN-U506861 and SGN-U506860, both of which are annotated as S locus-linked protein. SGN-U506861 has the identical size (1008 bp) with NbSEE1 and they only differ in a few nucleotides. SGN-U506860 is also highly similar to SGN-U506861 or NbSEE1 with 98% nucleotide identities. Based on these analyses, we presume that other methyltransferase are unlikely to be targeted by our RNA silencing strategy.
For the VIGS assay to silence NbSEE1 expression, we used primers #4233 and #4234 (designed based on EST sequence of the PCR-amplified NbSee1 cDNA fragments from N. benthamiana) to generate RT-PCR product ( $ 300 bp in size), which was treated Fig. 9 . SEE1 methyltransferase is well conserved in eukaryotic organisms. The amino acid sequences of yeast See1p (YIL064W) (NCBI ID: NP_012200), and A. thaliana homolog (NCBI ID: NP_176841) were compared to the Solanaceae Genomics EST database (http://solgenomics.net/tools/blast/index.pl) using the BLAST algorithm to identify their homologs in N. benthamiana (SGN EST ID: E1192157) and Nicotiana tabacum (SGN EST ID: E765821). Amino acid sequence alignments are determined by CLUSTALW2 program. Dotted boxes identify the proposed motifs of the conserved AdoMet binding domain. The amino acid sequence corresponding to NbSEE1 nucleotide sequence fragment used for VIGS is denoted by primers #4233 and #4234.
Table 1
Yeast strains used in this study.
Strain
Genotype Source
BY4741
MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open biosystems See1
MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 see1Δ::KanMX6
Open biosystems Efm1
MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 efm1Δ::KanMX6 Open biosystems TKY102
MAT α ura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 URA3 WT Carr-Schmid et al. (1999)  TKY848 MAT α ura3-52 leu2-3,112 trp1Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF1 URA3 T22S Ozturk et al. (2006)  TKY312 MAT α ura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 URA3 K30,79,316,390R This study TKY561
MAT α ura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 TRP1 WT This study TKY427
MAT α ura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 TRP1 K79R This study TKY428
MAT α ura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 TRP1 K30,79 R This study A76V
MAT α ura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 TRP1 A76V Li et al. (2010) with BamHI and XhoI. Then, the RT-PCR product was subcloned into tobacco rattle virus (TRV)-based VIGS vector pTRV2 (Dinesh-Kumar et al., 2003) . The VIGS assay was described previously (Jaag et al., 2011) . After 9 days of VIGS, the newly expanded leaves were analyzed for NbSee1 silencing by semi-quantitative RT-PCR with primer pair #4229/#4230. As a control, the accumulation level of the tubulin mRNA was also measured by semi-quantitative RT-PCR using primers #2859 and #2860. The See1-silenced N. benthamiana leaves were sap inoculated with CNV-20Kstop (obtained from D'Ann Rochon), which is defective in RNA silencing suppression . Total RNAs were extracted from the infected leaves at 3 dpi (days postinoculation) to analyze CNV accumulation.
For the trans replication system in plant, CNV replication protein p33 and p92 and DI-72 were amplified by PCR and separately cloned into plant binary vector pGD-35S to generate pGD-L-p33, pGD-L-p92 and pGD-DI72sat (Barajas et al., 2009 ). See1-silenced N. benthamiana leaves were inoculated with A. tumefaciens cultures containing different plasmids mixed as follows: pGD-L-p33 (OD600¼ 0.35), pGD-L-p92 (OD600 ¼0.15) and pGD-DI72sat (OD600 ¼0.15). Agroinfiltrated leaves were collected after 3 dpi and analyzed for DI-72 accumulation.
Northern blot analysis
For analysis of viral RNA accumulation in yeast cells and plants, total RNA extraction and Northern blot analysis was performed as previously described (Panaviene and Nagy, 2003; Panaviene et al., 2004) . For the detection of DI-72 RNA, a 32 Plabeled RNA probe of region III/IV was prepared by in vitro T7 transcription using PCR-amplified DNA obtained with primers #2754 and #2755 and pYC-DI72 as template. Similarly, to detect CNV genomic and subgenomic RNAs, PCR products obtained with primers #312/#16 were used for T7 transcription. The PCR templates for FHV and NoV RNA1/RNA3 probes were amplified by primer #3676 and #3675 (for FHV) and #3867 and #3868 (for NoV) . The PCR products used to transcribe the labeled 18S ribosomal RNA (rRNA) probe was amplified from the yeast genome with primers #1251 and #1252 (Table 2) . Northern blots were imaged with Typhoon (GE Healthcare) and analyzed by the ImageQuant software.
Analysis of viral protein accumulation by Western blot
To detect the accumulation of viral proteins in yeast strains, we first constructed yeast expression vector pRS424-pADH1-6His. The ADH1 promoter sequence, in conjunction with six histidine tag sequence, was inserted into pRS424 between SacI and NotI site, followed by CYC1 terminator sequence inserted between XhoI and KpnI site. The coding sequences of TCV p28, BMV 1a, FHV protein A were PCR-amplified with primer pairs #3604/#3605, #3601/ #3602 and #3606/#3507, respectively, and subcloned into pRS424-pADH1-6His. Yeast cells were grown in appropriate SC media with 2% Glucose at 29 1C. Total protein lysates were prepared by NaOH method as described previously (Panavas and Nagy, 2003) . The total protein samples were analyzed by SDS/PAGE and Western blotting with anti-His antibody (Amersham), followed by alkaline phosphatase-conjugated anti-mouse secondary antibody (Sigma) as described .
Protein stability assay in yeast
Parental strain (BY4741) and see1Δ mutant yeast were transformed with plasmids pESC-CUP1-Hisp33 (his3 selection) or pGAD/CUP/PtnA/C-HA/FLAG construct (leu2 selection), for the expression of 6xHis-tagged CNV p33 and His/Flag-tagged FHV Protein A, respectively, from the inducible CUP1 promoter. The following yeast expression plasmid has been generated before: pESC-GAL1-Hisp36/GAL10-DI72 . pGAD/CUP/PtnA/ C-HA/FLAG and pGAD-CUP1-Flagp95 were provided by J. Pogany (unpublished) .
Yeast transformants were cultured in SC media lacking histidine or leucine with 2% glucose at 29 1C for 12 h. CuSO 4 was added to cultures for 3 h at 29 1C, followed by the addition of Cyclohexamide to a final concentration of 100 μg/ml to inhibit protein synthesis (Li et al., 2009 ). Co-transformed wt and mutant yeast cells with plasmids pESC-GAL1-Hisp36/GAL10-DI72 (his3 selection) and pGAD-CUP1-Flagp95 (leu2 selection), were used for the expression of 6xHis-tagged CIRV p36. In this case, yeast transformants were cultured in SC media lacking both leucine and histidine for 48 h at 29 1C, followed by the addition of cyclohexamide to a final concentration of 100 μg/ml to inhibit protein synthesis (Li et al., 2009 ). For all the assays, samples of yeast cells were collected at the time-points specified in figure legends, and T7/18SrRNA/R TAATACGACTCACTATAGGTTTGTCCAAATTCTCCGCTCT cell lysates were prepared by the NaOH method as described previously (Panavas and Nagy, 2003) . The total protein samples were analyzed by SDS/PAGE and Western blotting with anti-His or anti-Flag antibodies (Amersham).
Confocal laser microscopy S. cerevisiae TKY102 and its derivative mutant strains were transformed with pESCHIS4-ADH-His-YFP-33/CUP1-DI-72 and pRS317-Tet-His92. The transformed yeast strains were grown at 29 1C in minimal media supplemented with 2% glucose and 50 μM copper sulfate (final concentration) to induce p33 expression and virus replication. Yeast cells were imaged with Olympus FV1000 confocal laser scanning microscope as described earlier (Jonczyk et al., 2007) .
